A common challenge in diagnostic studies is to obtain a correct final diagnosis in all participants. Ideally, a single error-free reference test, known as a gold standard, is used to determine the final diagnosis 1 and estimate the accuracy of the test or diagnostic model under evaluation. If the reference standard does not perfectly correspond to true target disease status, estimates of the accuracy of the test or model under study (index test), such as sensitivity, specificity, predictive values, or area under the curve, can be biased. 2 This is known as imperfect reference standard bias. One method to reduce this bias is to use a fixed rule to combine results of several imperfect tests into a composite reference standard. 3 When the combination of several component tests provides a better perspective on disease than any of the individual tests alone, accuracy estimates of the test under evaluation (the index test) will be less biased than if only one imperfect test is used as the reference standard. Comparing the index test against each component test separately and then averaging the accuracy estimates is not recommended; it is better to insightfully combine component tests together into a composite reference standard.
The hallmark of composite reference standards is that each combination of test results leads to a particular final diagnosis; in its simplest form, disease present or absent. For example, in a study on the accuracy of a rapid antigen test for detecting trichomoniasis, researchers decided against using the traditional gold standard of culture because it probably misses some cases. 4 As they believed that microscopy picks up additional true cases, they instead considered patients as diseased if either microscopy or culture results were abnormal. Table 1⇓ gives further examples.
Although the choice of component tests and the rules used to combine them affects the estimates of accuracy of the test under study, 7 little guidance exists on how to develop and define a composite reference standard. Additionally, there is a lack of consensus in the way the term composite reference standard is used and reporting of results is generally poor. To address these problems, we provide an explanation of the methods for composite reference standards and make recommendations for development and reporting.
What is a composite reference standard?
A composite reference standard is a fixed rule used to make a final diagnosis based on the results of two or more tests, referred to as component tests. For each possible pattern of component test results (test profiles), a decision is made about whether it reflects presence or absence of the target disease.
Composite reference standards are appealing because of their similarity to clinical practice; they strongly resemble diagnostic rules that exist for several conditions, such as rheumatic fever and depression. Their main advantage is reproducibility of results, which is made possible by the transparency and consistency in the way that the final diagnosis is reached across participants. However, they also have disadvantages, the most glaring being the subjectivity introduced in the development of the rule.
The term "composite reference standard" is often loosely used as a catch-all term to describe any situation in which multiple reference tests are used to evaluate the accuracy of the index test. It is sometimes mistakenly used to describe differential verification, when different reference standards are used for different groups of participants (table 2⇓). 8 9 It has also been used to describe discrepant analysis, a method in which the reference standard is re-run or re-evaluated, or a different reference standard is used, when the first one does not agree with the index test. 13 Both these approaches can lead to seriously biased estimates of accuracy and should be avoided whenever possible.
In the example in table 2⇓ of a study on deep venous thrombosis differential verification was mislabelled as a composite reference standard. The reference standard for participants with a negative index test result was clinical follow-up while those with a positive result received the preferred reference standard, computed tomography. 11 If minor thromboembolisms that would have been picked up by computed tomography were missed during follow-up, the number of false negatives will be underestimated and the number of true negatives overestimated, thus biasing the accuracy estimates. Ethical or practical difficulties sometimes make it impossible to implement the same reference standard in all participants, but it is important that the term differential verification is used to describe such situations. Table 2⇓ also gives an example of discrepant analysis from an imaging study for coronary artery stenosis in which the reference standard results were re-evaluated when they did not agree with the index test results.
12 Such re-evaluation can only lead to increased agreement between index test and the reference standard, which in turn can only lead to overestimates of accuracy. Although discrepant analysis his highly discouraged, situations in which the reference standard is repeated or a different reference standard is applied in those patients where the index test and first reference standard disagree, should be termed discrepant analysis.
To avoid confusion we recommend using the term composite reference standard exclusively for situations in which, by design, all patients are intended to receive the same component tests and these component tests are interpreted and combined in a fixed way for all patients.
Developing a composite reference standard
As the choice of component tests and the rule for combining them strongly influences the accuracy of composite reference standards, 14 careful attention is required when developing the decision rule. Ideally, the combination of test results and the corresponding final diagnosis should be specified before the study to prevent data driven decisions. However, if there is uncertainty about the best composite reference standard, a sensitivity analysis could be planned to see how sensitive the results are to the particular choice of tests or combination rule. It is also important that the composite reference standard is clinically relevant. In other words, it should detect cases that will benefit from clinical intervention rather than simply the presence of disease. 15 For clinical situations when the true disease status cannot be defined the composite reference standard should reflect the provisional working definition. Keeping diagnostic guidelines in mind and seeking advice from experts in the field will help ensure that the chosen standard is clinically relevant and interpretable.
Defining rules to combine component tests
Two rules exist for combining component tests into a composite reference standard. In the simplest scenario of two dichotomous component tests, participants could be considered to have the disease if either test is indicative of disease (any positive rule, also known as the "or" rule). The alternative is that participants are considered to have the disease only if both tests detect disease (all positive or "and" rule). If there are more than two component tests a combination of these two rules can be used.
Increasing the number of component tests will increase the number of participants categorised as diseased. If the any positive rule is used, this will increase the sensitivity of the composite reference standard (more diseased subjects will be classified as diseased) but decrease its specificity (more non-diseased subjects will be classified as having the disease). The reverse is true for the "all positive" rule; sensitivity of the composite reference standard decreases while specificity increases. Table 3⇓ gives an example of how the choice of combination rule affects the accuracy of the composite reference standard, which in turn affects the accuracy estimates of the test under study. 2 There is almost always a trade-off between sensitivity and specificity when considering alternative ways to combine component tests. 14 The exception is when a component test in an "any positive" rule has perfect sensitivity, which makes a composite reference standard with perfect sensitivity, or when a component test in an "all positive" rule has perfect specificity, which makes a composite standard with perfect specificity. 3 Near perfect sensitivity or specificity of a component test is often the reasoning provided for the rule chosen.
Selection of component tests
Although it may be tempting to include numerous component tests, the gain in sensitivity or specificity of the resulting composite reference standard decreases (and the clinical interpretability may diminish) as more tests are added. This is because additional tests may fail to provide new information. In the trichomoniasis example, if another test such as polymerase chain reaction amplification is added, new true cases may be detected. 4 However, if yet another test is added, fewer additional true cases will be detected because fewer remained undetected. Eventually, all true cases are detected and additional tests will only result in false positive results, thus decreasing the specificity of the composite reference standard.
Multiple tests will be useful only if the component tests catch each other's mistakes. For example, in a group of patients who truly have trichomoniasis, if microscopy identifies disease in the same participants as culture does, microscopy does not add any information and therefore the sensitivity of the composite reference standard will not be higher than that of culture alone. 2 When component tests make the same classifications in truly diseased or non-diseased patients more or less often than is expected by chance alone, this is referred to as conditional dependence.
In some cases, conditional dependence can be avoided or reduced by choosing component tests that look at different biological aspects of the disease. 16 To avoid causing the tests to make the same mistakes, you should consider blinding the observer of each component test to the results of the other component tests if knowledge of these other test results can influence interpretation.
Extensions to the basic composite reference standard
The basic composite reference standard categorises patients simply as diseased or non-diseased. However, multiple disease categories can also be defined, such as subtypes, stages, or degree of certainty of disease. An example is a study on tuberculosis in which people were categorised into one of four levels of disease certainty (table 4⇓) . 17 The basic composite reference standard gives equal weight to all tests, but in clinical practice tests carry different weights. The relative importance of the component tests can be incorporated by assigning weights. For example, in the assessment of adherence to isoniazid treatment for latent tuberculosis in table 1⇓, the most reliable test was given twice the weight of the other tests.
Missing values on component tests
As with all diagnostic accuracy studies, results may be biased when not all participants receive the intended reference standard. 8 Careful attention needs to be paid to missing values in component tests. For example, if the "any positive" rule is used and the result of component test 1 is positive, we can conclude that a patient is diseased without knowing the result of component test 2. For efficiency, researchers might consider skipping the second test in participants whose first test result is positive. 3 18 However, if component test 1 is negative, component test 2 becomes necessary for determining the diagnosis.
When a result is missing from a component test that must be present under the combination rules, the composite reference standard is also missing. This may affect the accuracy estimates of the index test and mathematical methods should be used to tentatively correct for this bias.
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Reporting guidelines
Complete and accurate reporting of the reference standard procedure is critical to allow readers to judge the potential risk of bias in accuracy estimates. This is especially important for systematic reviews of diagnostic tests. The validity of comparing accuracy estimates between studies and pooling of estimates across studies is challenged when studies use different reference standards or when reference standards are poorly defined or reported. 20 21 We therefore recommend that in addition to using current reporting guidelines, 22 authors of diagnostic accuracy studies should include the following details about studies with composite reference standards:
• The rationale behind the selection of component tests and the combination rule
• The corresponding final diagnosis for each combination of test results
• Whether component test results were missing and and whether this resulted in a missing composite reference standard
• The number of participants with each combination of test results. For continuous tests, this information should at least be provided for the optimal or most common cut-off point. Table 5⇓ gives a template for reporting. The availability of all of the above information will allow studies using composite reference standards to be compared with those using only one of the component tests as the reference standard.
Conclusions and recommendations
Combining multiple tests to define a target disease status rather than using a single imperfect test is a transparent and reproducible method for dealing with the common problem of imperfect reference standard bias. Although composite reference standards may reduce the amount of such bias, they cannot completely eliminate it because it is unlikely that a combination of imperfect tests will produce a composite standard with perfect sensitivity and specificity.
Other methods for dealing with bias resulting from imperfect reference standards are panel diagnosis and latent class analysis. 1 3 In panel diagnosis, multiple experts review relevant patient characteristics, test results, and sometimes follow-up information before coming to a consensus about the final diagnosis in each patient. Latent class analysis estimates accuracy by assuming that true disease status is unobservable and relating the results of multiple tests to it in a statistical model. 3 23 The choice of method to deal with imperfect reference standard bias will probably depend on the type, number, and accuracy of the pieces of diagnostic information available in a particular study. Results from all three methods could be presented to strengthen their face validity. Researchers who use a composite reference standard can improve the transparency and reproducibility of their results by following our recommendations on reporting.
Contributors: All authors participated in the conception and design of the article, worked on the drafting of the article and revising it critically for important intellectual content, and have approved the final version to be published. CAN had the idea for the article, performed the literature search, and wrote the article. JBR is the guarantor.
Competing interests: All authors read and understood the BMJ policy on declaration of interests and declare financial support from Netherlands Organization for Scientific Research (project 918.10.615).
Provenance and peer review: Not commissioned; externally peer reviewed. Tables   Table 1| Examples 
Explanation of misuse Example Disease
This is differential verification because some patients received an intensive clinical work-up while others were followed-up in clinical databases "Pulse oximetry was performed prior to discharge and the results of this index test were compared with a composite reference standard (echocardiography, clinical follow-up and follow-up through interrogation of clinical databases)."
Congenital heart defect 10 This is differential verification because high risk patients had computed tomography whereas other patients were followed-up "All patients were… diagnosed according to local protocols. Pulmonary embolism was confirmed or refuted on the basis of a composite reference standard, including spiral computed tomography and three months' follow-up."
Deep venous thrombosis 11 This is an example of discrepant analysis 13 
